"2O5 prepared by a solgel process in form of coatings are new materials which have outstanding properties: a) the coatings present electrochromic properties and exhibit a blue coloration under Li insertion with 100% reversible variation ofthe optical transmission in the visible and near infrared range between 80% and 20% and have a high chemical stability (tested up to 2000 cycles). b) they are semiconductors and present a photoelectric effect when illuminating in the UV region (?< 360 nm). These films are therefore very promising to be used in electrochromic devices and as electrodes for photoelectrochemical purpose and the development ofnanocrystalline solar cell.
I . INTRODUCTION
The solgel process offers today many advantages over traditional techniques for the preparation of new materials, especially advanced and functional coatings having optical, electronic, chemical and mechanical funcions [1] and porous materials. Many sol-gel coatings are presently in practical use, especially for optical purposes.
In this paper, we report on the preparation and physical characteristics offimctional Nb2O5 films and show how these new materials can be used to develop technologically important devices. Up to now niobia has been mainly prepared via conventional technique; however the sol-gel process, thanks to the variety of parameters which can be used and controlled during the so! preparation and gel fabrication, allows to obtain 2°5 materials with interesting properties for electrochemical and chemical applications. The results indicate that a good understanding ofthe amorphous and crystalline porous structures, a task for which the sol-gel technique appears today as most promising and unique, should play an important role in the future.
NbO ELECTROCHROMIC COATING
A typical electrochromic device consists offive layers sandwiched between two glass substrates. There are two transparent electrical conductors required for setting up a distributed electric field, an electrochromic layer, an ionic conductor (electrolyte) and an ion (H or Lit) storage layer (counter electrode). When a small current is passed through the cell, the ions stored in the counter eletrode diffuse toward the electrochromic layer and change its transmittance in the visible range. The original state is obtained by reversing the applied voltage.
Among the compositions which present an electrochromic behavior the oxides of transition metals such as W03, Nb2O5, TiO2, V205, Ti02-CeO2, MoO3 and some mixed compounds appear to be the best materials; all have been already obtained via sol-gel process [2, 3] .
1 Sol and film preparation
Sol-gel '2O5 flifliS are new very promising candidate for electrochromic coatings. Very few studies have been reported on the electrochromic properties ofNb2O5. Reichman and Bard [4] showed the occurence of such effects in a 15tm thick coating produced on the surface ofa niobium metalic disk by heating at 5OO °C for about 10 mm. A coloring effect, chemically stable and with a fast kinetics (1-2s) was seen in reflexion under either H or Li insertion . Gomes et al. [5] have studied in details the protonic electrochromic properties of 20 jim thick opaque coating prepared in the same way and later Alves [6] has confirmed the possibility to insert Li ions in a I mm thick Nb205 ceramic prepared from commercial CBMM powder sintered at 800°C.
The first attempt to fabricate sol-gel Nb205 for electrochemical purpose has been reported by Lee and Crayston [7] who have spin coated ITO coated glass electrode with a mixture ofNbCl5 dissolved in EtOH. Hydrolysis and gelation were completed in 1 molldm3 H2S04 solution. After drying at room temperature the result was a 5-10 jim thick film with substantial cracking (10 im islands) and peeling due to important shrinkage. Cyclic voltanimograms in LiClO-MeCN electrolyte showed a blue coloration with a fast coloration ( 6s) and bleaching (3s) kinetics and a 6 cm2/C coloring efficiency. However the durability of the electrochromic response was only a few cycles. The quality ofthe film has been slightly improved by adding a trialkoxysilane ( Glymo) to the precursor sol in order to obtain a Nb-Si Ormocer.
In our laboratoly, 2O5 sols have been prepared using an alkoxide route (figure 1 a). Pentabutoxide of niobium (Nb(OBuj5) was first synthetized following the process described by Bradley et al [8] by dissolving niobium chloride (NbC!5) from CBMM-Brazil in butanol and then mixed with sodium butoxide (Na(OBu,J5 under reflux. During the process a strong exothermic reaction occurs leading to the formation of Nb(OBuJ5 and NaC1. The last compound was then separated by centriftigation and a yellow and transparent precursor sol is obtained. The final sol was prepared by mixing this precursor with glacial acetic acid (CH3COOH) with molar ratio I :2 resulting in a so! stable at room temperature for several months. [9, 1 0] . Figure 2 shows the size distribution ofthe sol particles measured in a light scattering experiment (Malvern 4700). The distribution is bimodal with a z average mean of 16.7 nm and a polydispersion value of 0.267.
The coatings have been deposited by dip coating technique on Donnelly or Asahi Glass ITO coated glass at a withdrawal speed of 12 cm/mm, dried at room temperature during 5 mm and then densified at 4ØØOC during 1 5 mm. They have typically a thickness of 80 rim. The process can be repeated to obtain thicker films; The coatings used in this work had 3 layers and a thickness of -250 nm; the final coatings have been finally heat treated in °2 atmosphere between 400 and 600°C [9,10,1 1]. Figure lb shows a block diagram of this procedure. Figure 3 shows a typical SEM micrograph of a three layers Nb205 film (250 nm thick) obtained according to the above procedures with a heat treatment at 560°C in 02 atmosphere during 2 h. The picture shows very good homogeneity ofthe Nb atoms and excellent microstructure ofthe surface with no visible crack and defect. Figure 4 shows a typical DSC scan of a xerogel powder ofNb2O5 material obtained after gelification of the so! and taken at a low heating rate of2°C/min in a 02 flux. The peaks at low temperature (<350 °C) are related to water and organic materials elimination. The feature around 500 °C corresponds to the onset of crystallization into the TT phase (see below). It is followed by two large exotherms whose peak maximum lies at 630 °C (measured by DTA). This evolution is certainly related to a structural phase transformation, a) probably ofthe type TT into T. Xray diffractograms of xerogels obtained with the same sol have been obtained with a Rigaku model RU200B instrument with a Koc Cu radiation. Figure 5 shows that the gels heat treated up to 500 °C are amorphous. At 560 °C the material is crystalline but the lines are poorly defined. Their position and intensity are compatible with the so-called TT phase as can be seen by comparison with the top part of the figure [12, 13] . The width ofthe principal lines somewhat sharpens at 600 °C but the overall shape ofthe spectrum does not change. No trace ofother phases (T,M,H) has been observed. According to Ko [12] , the TT phase is not strictly a niobium pentoxide as some oxygen atoms are replaced by monovalent species such as X =0H, Cl-, vacancies, etc and Nb atoms occupy separated but closely-spaced equivalent sites or intermediate positions between them; the compound should be better denoted Nb16O38X4 or Nb2(OX)5+. and sintered 2 h at 560°C in oxygen. The measurements have been performed with a Solartron 1226 electrochemical interface and a cell consisting ofthree electrodes: a Pt foil (1 cm2) as counter electrode, an Ag wire as a quase-reference electrode and the Nb2O5 film as working electrode (working area 0.3 cm2). The electrolyte was LiClO4 dissolved in propylene carbonate with concentration 0. IM and was previously purged with dry N2 gas. All the electrochemical measurements have been done in a dry box containing N2 atmosphere with less than 100 ppm H20. We must first mention that the voltammograms could not be rapidly and the coating turns black and permanently damaged. Electrochemical measurements made with uncoated but heat treated ITO substrates shows that this effect is due to the reduction ofthis material. Within the safe range of -1 .8 to 2.0 V, two different regimes can be observed. At low speed (v < 10 mV/s) the curves are rather complex and appear as a superposition ofat least two insertion phenomena, one into the niobate coating and the other into the ITO coating to which belong the cathodic and anodic waves observed at -1 .7 and -1V respectivelly (figure 6 lower part). BET measurements (not shown here) indicate that xerogels at 560°C have still a relatively high porosity S60m2g'.As the charge inserted is high and constant (Q 20 mC/cm2), as shown in figure 7 , it seems, at these low scan rates, that the Li ions have time to reach the ITO electronic coating. On the other hand ,as shown in the upper part of the same figure , the cycles are not reversible: the total charge extracted, QA. is smaller than the total charge inserted and consequently the ratio QA/QC is smaller than 1 . The color ofthe coating after Li insertion is blueblack and after bleaching the system remains sligthly colored.
Coating characterizations
For scan rate higher than 10 mV/s the voltammograms are totally different (figure 6 upper part). At lower speed the Li insertion peak is clearly visible at -1 .5 V, but shifts rapidly to lower and out of range potentials when the speed is increased. The extraction peak can be observed in the whole scan range and also shifts but to higher potential values. Although the value ofthe charge inserted or extracted diminish with the speed, their ratio QA/QC remains now constant and approximately 1 (figure 7) indicating that the process is fully reversible in this speed range.
The variation of the maximum intensity of the cathodic and anodic currents with the scan rate is practically impossible to measure as at low speed it would be necessary to make a careftil deconvolution of the insertion processes and at high speed, the maximum of the insertion peak is not observed in the safe potential range used and the values ofI ofthe extraction peak shoud be measured from the base line of the cathodic part at low negative potential, a task which is impossible to realize without a better knowledge of the chemical processes occuring at the electrode. Therefore it is not possible to argue ifthe process is limited by the Li diffusion or is due to a superficial phenomenon. Measurements are underway with coatings deposited on metallic substrate in order to avoid the ITO reduction occuring at --2.0 V and extend the potential range to lower values.
In the high speed range the color ofthe coating after Li insertion is deep blue. Figure 8 shows the optical transmission spectrum measured in situ with a Cary 1 7 spectrophotometer in the range 300 to 1 100 nm at different applied potentials either during the insertion or the extraction process. A small hysteresis is observed but the good superposition of the curves in the bleached state at + 2.0 V shows that the system is totally reversible.
Chronoamperometry measurements (not shown here), where the current was registered during the application of a square pulse of +2.0 to -1 .8 V, show that the insertion process has a time response of about 10 5 while the extraction process is faster, about 4 s.
For coatings deposited either on Asahi Glass or Donnelly ITO and heat treated in 02 atmosphere the inserted charge is constant since the first cycles and its time behavior, tested up to 2000 fill voltammetry cycles shows an excellent chemical stability ( figure 9 ). When the coatings are amorphous (i.e. for heat treatment at T 500 °C), the inserted (or extracted) charge first increases up to about 500 cycles and then decreases; this behavior suggests some structural evolution ofthe amorphous oxide network. The shape of the voltammograms measured at 50 mV/s are similar to that shown in figure 6 (upper part) but the color of the layer is brown and the amount of charge envolved in the process is smaller. When the coatings are heat treated in air instead ofO2 at temperaturebetween 400 and 560°C , we found that the amount of charge slightly decreases with the number of cycles for both type of substrates.
It is also possible to insert proton in these coatings. The cycles are also reversible but the lifetime of the coatings is short and does not exceed a few cycles We believe that the bad performance is due to corrosion problems similar to the phenemenon observed with W03 coating.
In conclusion we can state that "niobate" coating can now be prepared by the sol-gel process with excellent optical quality without cracks and good homogeneity. These coatings show reversible electrochromic properties when measured at scan rate higher than 10 mV/s and exhibit a deep blue coloration similar to that ofWO3coating. The variation ofthe optical transmission is high for a 250 mn thick layer and the kinetics of the insertion and extraction processes are quite adequate to use these coatings as electrochromic layer to built smart windows or mirrors, a research which is presently underway in our laboratory.
Nb,O AS PHOTOELECTRICAL COATING
Recently a new photovoltaic solar cell concept has been developped by Graetzel et al. [14] . The device is based on the use ofsmall ( 20 nm) coloidal semiconductor particles of Ti02 prepared by a sol-gel process and sintered at low temperature and whose superficie has been sensitized by a monolayer oftransition metal complex in order to shift the absorption spectrum of Ti02 (? < 3 80 nm) toward the visible solar range. Contrary to conventional semiconductor cells, the nanocrystalline device separates the function of light absorption (charge creation) and charge transport. The light is first absorbed by the sensitizer whose absorption spectral range can be adapted to the solar spectral range by a careful choice ofits composition. The excited eletrons are then transfered to the conduction band ofthe TiO2 where they rapidly diffuse through the thin coating ( 2tm) and are collected by a conducting electrode. The cycle is then closed by returning the electrons to a counter electrode and through an adequate electrolyte which allows the regeneration of the sensitizer cations by electronic transfer. In such device, the Ti02 coating has therefore two functions and act as a support for the sensitizing molecules and for the eletronic charge transport.
Several other oxides present semiconducting properties including BaTiO3, W03, Nb205,SrTiO2, KTaO3, TaO5, etc. 2O5 can be obtained in form of small colloidal particles. The material has a band gap slightly larger than Ti02 and the flat band potential vs SI{E is OV [15] , slightly smaller than Ti02 (O.2V). The fabrication of 250 nm thick Nb205 coating and the electrochemical test have been realized as described in section 2. 1 . However UV light from a 100 W Xe lamp was coupled to a Bausch and Lomb UVVisible high intensity monochromator and focussed on the sample through a quartz window adapted on the side of the electrochemical cell. Preliminary measurements[16J show that niobate coatings present a photoelectric effect whose wavelength maximum lays at slightly smaller values than Ti02 particles. Figure 14 shows a comparison ofthe absolute action spectrum oftwo films ofboth materials measured in a cell using an aqueous solution ofO.2N LiC1O4 as electrolyte at 1V vs SCE potencial. The peak maximum ofNb2O5 lies at sligthly higher energy than Ti02 as this material has a wider energy gap. For those experimental conditions of coating preparation,which have not yet been optimized for this application, the current intensity of the niobia appears smaller than Ti02. These new coatings may be of interest to substitute Ti02 coatings for the realization of nanocrystalline solar cell similar to those developed by (3raetzel et al. [14] . Research is under way in our laboratory. 
CONCLUSION
We have shown that it is possible to prepare Nb205 material by a sol-gel process either in the form of coating with excellent optical and electrochromic properties, xerogel or aerogel. The coatings heat treated at 560 °C in 02 atmosphere present interesting electrochromic properties and turn blue under Li ions insertion. The process is reversible for scan rate higher than 10 mV/s. Therefore these new coatings are very promising to substitute W03 coatings for the realization of smart windows and mirrors. Small colloidal particles can also be obtained and preliminary measurements show that this material presents a photoelectric effect when illuminating in the UV region similar to Ti02 particles. This material is consequently promising to be used for photoelectrochemical applications such as the realization ofnanocrystalline solar cells.
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